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ABSTRACT
A series of novel ordered poly(ester-imide)s were synthesized using both solution
and melt polymerization techniques and their liquid crystal properties studied.
Commercially available 6-aminohexanoic acid and 11-aminoundecanoic acid were
reacted with 1,2,4,5-benzenetetracarboxylic anhydride (PMDA) by a melt reactions to give
-pyromellitimide dicarboxylic acid derivatives. These derivatives were treated with
thionyl chloride to give -pyromellitimide dicarboxylic dichloride derivatives which were
reacted with a series of diols having six, eight, nine, ten and twelve methylene units in their
structural units by a solution polymerization technique, using refluxing
1,2,4-trichlorobenzene as solvent.
These same diols were treated with acetic anhydride to produce a series of diacetates.
Using a melt polymerization technique, the diacetates were treated with -pyromellitimide
dicarboxylic acids to give the same series of poly(ester-imide)s as prepared by the solution
method.
The polymers obtained were characterized using infrared spectroscopy (IR),
differential scanning calorimetry (DSC), polarizing light microscopy (PLM) and dilute
solution viscosity. Inherent viscosities of the prepared polymers ranged from 0.07 to 0.25
dL/gram for solution polymerization and from 0.67 to 1.00 dL/gram formelt polymerization.
Phase transition temperatures, determined by differential scanning calorimetry,
ranged from 67 to 140C for solution polymerization; from 129 to 232C for melt
polymerization.
Solution and melt polymerization poly(ester-imide)s showed nematic and smectic
liquid crystal bifringence textures using a hot stage under polarizing light
microscopy.
1.0 INTRODUCTION
Today, polymer liquid crystalline materials are the important areas of research in
both academic institutions and the laboratories of large corporations throughout the world.
The patent literature is as active as the open scientific literature.
We begin with a discussion of low molecular weight liquid crystals and discuss high
molecularweight systems exhibiting similar structural and birefringent characteristics.
The existence of a liquid crystalline state was first shown by an Austrian botanist
Reinitzer in 1888 when he prepared cholesteryl benzoate and found it had two interesting
properties. When heated, its crystal lattice collapsed at 145C, to give a cloudy liquid (liquid
crystal ) that became clear only on further heating to 179C when an isotropic liquid was
formed. On cooling, this process was reversed. The second and more interesting
observation was that the color of the turbid liquid changed from red to blue as its temperature
increased, and from blue to red as the system was cooled.
heating heating
cholesteryl > 145C > 179C
benzoate < turbid < isotropic
cooling fluid cooling liquid
Such new states of matter were soon observed in other organic compounds. The
first synthetic organic compound found to exhibit such a characteristic was p-azoxyanisole.
The terms flowing crystals, crystalline liquids and liquid crystals were successively
introduced for these materials during the first decade of study.
The current classifications of the liquid crystalline state date back to the work of
Friedel in 1922.1
Systems with one-dimensional order are referred to as nematic, for the threadlike
morphologies seen in the polarizing light microscopy ( Figure 1 ).
'in.1.',!,'
Figure 1. Ordinary Nematic Structure
Many systems exhibit a superposed twist on the nematic structure. These systems
are referred to as cholesteric as this character frequently arises in cholesteryl derivatives
(Figure 2 ).
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Figure 2. Cholesteric Structure
Today, we recognize that there is a range of smectic structures. Those have been
designed by the letters A K in the chronological order of their identification. More detail
about smectic structure will be discussed in the later part of the introduction.
The early investigations in the liquid crystal fields started in the 1920s and 1930s,
notably by
Zocher.2 He observed that suspension of anisotropic particles such as vanadium
pentoxide form a birefringent anisotropic phase in the field of a polarized light microscopy.
The earlier study of high molecular weight liquid crystalline polymer system is traced
to research on the characteristics of suspensions of tobacco mosaic virus ( TMV ) from 1937
1950. This earlier TMV study showed that the mechanism of formation of liquid crystalline
phases was associated with the high aspect ratio rigid character of the virus particles. The
theorical behavior was given by
Onsager* in 1949, Isihara^ in 1951 and notably by FloryS
in 1956.
In 1950s, the studies of polypeptide solution at low temperature, such as : poly (
benzyl L - glutamate ) ( or PBLG ) (1).
O
-[ NH
- CH - C ]n-
CH2 (1)
CH2
0 = C-0^ O
shown that upon evaporation, sperulitic structures were observed by polarized light
microscopy.
In 1960, the first synmetic liquid crystal polymer
- fully aromatic polyamide
"Kevlar"
was developed by various workers of the Du Pont Company.
6- 13
Partially aromatic polyesters have a long history. Poly ( ethylene terephthalate )
(PET ) has been commercially available since the 1950s and has been a major synthetic fiber
and film for many years.
"
Wholly aromatic polyesters have also been described!5-18
with the early work done by Economy and co-workers at Carborundum.
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polyurethanes:
'CH3
-[-O-CO-NH-/ ( ) V / ( ) \ -NH-COO-(CH2)6-Jn-
Rigid rod liquid crystalline materials have come a long way from the vanadium
pentoxide tactoids and tobacco mosaic virus suspension
of the 1930s to their present state.
The polypeptides, nucleic acids, aromatic polyamides,
aromatic polyesters, and cellulose
derivatives mark the way. More recent studies using macromolecules with rigid rod and
flexible segments are very promising.
Although considerable basic research on optical and electrical characteristics of liquid
crystal compounds was carried out during the first half of this century, it was not until the
mid-fifties that extensive efforts were made to develop applications for these materials.
During this latter period a whole spectrum of cholesteric liquid crystals, which could be
used as temperature sensors, were discovered by workers at the Westinghouse Research
Laboratories.^"
As a result, applications to medical diagnostics, electronic component
testing, and aerodynamic structure analysis became feasible.
Shortly after these discoveries, research at a number of industrial, university, and
government laboratories focused on applications which exploited the electro and/or
magnetic - optic characteristics of nematic - and cholesteric
- type liquid crystals. A result of
these experiments was the discovery of dynamic scattering at RCA Laboratories during the
mid-sixties. At that time, it became evident that liquid crystals could be used in practical
electronic display devices. Research conducted during the balance of that decade led to the
identification of a number of other useful electro - optic effects. During the seventies, liquid
crystals were used in displays for watches, clocks, calculators, panel meters, and other
digital displays, as well as point
- of - purchase and point
- of - sale displays.
In addition, liquid crystals were found to be useful laboratory tools for gas - liquid
chromatography, absorption spectroscopy, and nuclear magnetic resonance spectroscopy.
They have also been used in toys and artistic, decorative materials.
It is important to note that many of the characteristics of the liquid crystal polymer
systems vary significantly with their
chemical compositions:
*
Extremely high strength and modulus for thermoplastic resins
* High impact strength for resins with such high - temperature capability
* Excellent chemical resistant, even at elevated temperature
* Excellent dimensional stability, including an extremely low coefficient of thermal
expansion ( CTE ) and low moisture absorption
*
Outstanding processibility, even in thin sections and in intricate components
Opportunities for liquid crystal polymer resins are already developing in highly















chemical and hostile environments
*
military and ordnance
The growth of liquid crystal polymer usage in the marketplace will be broad based
and rapid from today to the mid-1990s. Liquid crystalline polymer resins offer designers a
new array of choices for today's specialized, demanding applications and for the next
generation of products. Their features make metal and thermoset replacement and
displacement of traditional engineering resins both feasible and cost
- effective. A wide range
of markets and applications is open now, and there will be more opportunities as application
requirements become more and more stringent. The future of liquid crystal polymer resins
into the 1990s and beyond is indeed a bright era.
The liquid crystalline state is often called the fourth state ofmatter besides gas, liquid
and solid states. It also has some similarities to the states of liquid and solid. By definition,
liquid crystal refers to the phase that lies between the rigidly ordered solid phase where the
mobility of individual molecules is restricted and the isotropic phase where molecular
mobility and a general lack ofmolecular order exists.
Following is a brief comparison between solid, liquid and liquid crystalline state:
SOLID LIQUID
small vibrations about fixed small vibrations are observed, but
lattice positions, but no rotation. no long
- range order exists.
LIQUID CRYSTAL
molecules are free to move, but their rotational
mobilities are restricted.
Other than the properties similar to liquid or solid,liquid crystals also have some
unique properties:
*
ordering properties can be
controlled by ordinary magnetic and / or electric
fields.
*
some liquid crystals have optical activities of a magnitude without parallel in
any solid, liquid or gas.
*
some change color as a result of the sensitivity of their structure to
temperature.
8
Liquid crystals can be classified by the principal way by which the order of the
parent solid state is destroyed, either lyotropically or thermotropically.
Lyotropic liquid crystals change phases by the action of the solvent on the
molecules. They can not be melt processed and most be processed from solution.
+solvent +solvent
> lyotropic > homogeneous
solid
< liquid crystal < solution
-solvent -solvent
Lyotropic liquid crystals are further divided into several categories, according to their
structure. They often are two component systems composed of water and amphiphilic
compounds. However, multicomponent systems also are common in lyotropic liquid
crystals.
Thermotropic liquid crystals change phases responding to the change of temperature.
They can be melt processed. Thermotropic liquid crystals, which form naturally over a
specific temperature range, are further classified as:
*
nematic ( nontwisted and twisted )
*
smectic ( structured and unstructured )
"Nematic"
comes from the Greek word for thread because of its threadlike pattern
viewed through a microscope with crossed polarizer. There are two kinds of nematics:
nontwisted, also called ordinary nematic, and twisted, also called cholesteric nematic.
Nontwisted nematics are one - dimensional ordered. In typical nematic liquid
crystals, the only structural restriction is that the long axes of the molecules maintain a
parallel or nearly parallel arrangement over macroscopic distances. The direction of the
alignment axis ( indicated by a unit vector known as the director ) is arbitrary in space. The
nematic phase always changes on heating to an isotropic liquid. Although nematic liquids
have an infinite - fold symmetry axis and are, therefore, uniaxial, the orientation of the
individual molecules along this axis is not perfect. A measure of the degree of orientation has
been done using the order parameter S
S = 1/2 [ 3cos2G - 1 ]
where O is the angle between the molecular axis and the preferred direction. The brackets
indicate a thermal average. When there is isotropic phase ofmolecules, S is zero, and when
there is uniaxial alignment of molecules, S is one. The definition of S dates back to the
1930s arising from the work of
Zocker.^O S clearly relates to the relative intensity of rest -
state polarizing light microscope birefringence. For nematic liquid crystals S ranges from 0.3
to 0.8.
Cholesteric liquid crystals are formed by some optically active organic compounds,
or mixtures of such compounds, or by mixing optically active compounds with ordinary
nematic liquid crystals. They are miscible with ordinary nematic liquid crystals and have a
helical structure. In each layer of the helical structure, there is a local ordinary nematic
packing of the molecules. The director, however, is not fixed; instead, it rotates spatially
about an long axis perpendicular to itself. The distance for a 360C turn of the director, is
commonly referred to as the pitch .
It is because of the periodicity of such a structure
that leads to spectacular color effects. The sensitivity of cholesterics to temperature and
radiation is opening up many potential uses for them as sensors or displays.
Of the nine known smectic structures, eight of them have molecular packings
arranged in layers, with each structure processing a characteristic packing between and within
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layers. The smectic D phase has been found in only a few substances, which is optically
isotropic and has cubic, not layer, packing.
Structured and unstructured smectics can be differentiated by the order within their
layers. The structured smectics have a crystal - like arrangement ofmolecules in each layer;
each layer forms a regular two - dimensional lattice, which include smectics B, E, G, H, and
I. In unstructured smectics, the molecules are positioned randomly in each layer, which
include smectics A, C, D, and F. In some smectics, the molecules are perpendicular to the
layers ( orthogonal smectics ); in others, the molecules are tilted ( tilted smectics ). These
smectic polymorphs may be arranged as following:
orthogonal: Sj Sj$ Sg
\/\
tilted: Sq - S\ Sp
- Sq - Sh
In the smectic A and C phases there is no order of the molecules within the layers, or
between the layers. Hence, they are referred to as phases of low order. The order of these
smectic polymorphs increases from left to right, and thus this order corresponds to that seen
with decreasing temperature. Polymorphs connected by lines indicate sequences that may
occur on cooling ( progressing from left to right ), and all possible variants of polymorphism
can be obtained from these sequences by canceling one or more of the forms.
Many thermotropic liquid crystals pass through more than one mesomorphic phases
on heating from the solid to the isotropic phase. Such liquid
crystalline compounds are said
to be polymorphous. Raising the temperature of a thermotropic liquid crystal results in the
progressive destruction of its molecular order. Because a smectic B phase is more ordered
1 1
than a nematic structure, for a compound exhibiting smectics A, B, C and eventually nematic
phases, the order of stability is
solid > Sb > Sq > Sa > nematic > isotropic
An example of polymorphous compound is :
4'
- n - pentyloxybiphenyl 1,4- carboxylic
acid (2).
n-C5HiiO-( O









Phase changes are reversible when the temperature decreases. Various molecules exhibiting
this behavior are summarized in a paper by Diele, Brand and
Sackmann.^l
In general, the nematic phase is predominant for compounds having short flexible
spacers and the smectic phase is dominant for compounds with longer flexible spacers. Both
phases are often seen with the smectic phase occuring at a lower temperature range when
spacers are of intermediate length. Figure 3 shows the general trend of phase type with the
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CARBONS IN ALKYL (OR ALKOXY) CHAIN
Figure 3. General Trend in Phase Type versus Number of Carbons in Spacer
The majority of organic liquid crystalline compounds have a structure of:
X-(-< 0)->a- A "B " <"{0)-)b-
*
elongated with aromatic nuclei that are polarizable, planar and rigid;
*
central group ( A-B ) connecting the two aromatic nuclei in the molecule
usually contains either a multiple bond along the long axis of the molecule
or a system of conjugated double bonds, or it involves a dimerization of
carboxyl groups. The central group represents a linking unit in the core
structure, e.g., -CH=N-, -N=N-,
-COO-
*




a and b have small integral values.
A strong polar group near the center of the molecule and along the molecular axis generally
enhances liquid crystallinity. Weak polar groups at the extremities of the molecule ( X and
Y) enhance liquid crystallinity.
Normally, if a similar structure is introduced into the polymer repeating unit, a liquid
crystalline polymermight be formed. There are some polymer examples which exhibit liquid
crystal properties.
Synthetic polyamides, such as Du Pont's
"Kevlar"
(3), a synthetic polyamide,
-[-NH-/0
\-CO-Jn- (3)<2>
is an example of commercialized high - modulus, high - strength fibers spun from liquid
crystalline solution. The characteristic dramatic change in viscosity upon increasing
concentration of the rod-like solute is shown in Figure 4 in which the viscosity increases
rapidly until a critical concentration is reached and a sharp decrease in viscosity then
accompanies the formation of the lyotropic mesophase. Other examples of such polymer have
been collected and described.22 They include aromatic, aliphatic, heterocyclic,
ring-substituted and hydrogen bondedmaterials.
In the category of thermotropic polymers, both side chain ( comb ) polymers and
main chain polymer are included; the names implying the locations of the mesogenic group.
In case of a side chain polymer, the pendant liquid crystalline unit is connected to the
polymer main chain by a flexible spacer group, often methylene units. Depending upon the
order of the pendant units, side chain liquid crystalline polymers could also be classified into
nematic and smectic categories. Figure 5 shows in schematic form the nematic and smectic
14






Figure 4. Schematic Diagram ofViscosity versus Concentration Profile for a Lyotropic





Figure 5. Diagrams of Nematic (top) and Smectic (bottom) Side-Chain Polymers
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Syntheses of side chain polymers are commonly performed by one of the following
two routes:
*
vinyl polymerization of pendant units^3
*
addition of pendant units to a preformed polymer.24








Polymer -[- CH2 - C -]n-
CO - O - (CH2)6 - O < O >COO -< o >-R






Figure 6. Phase Transition Temperatures and Phases Types for Selected
Side Chain Polymer and CorrespondingMonomers
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From the data in Figure 6, a number of observations can be made: i) polymers have a
higher liquid crystal-isotropic transition temperature then the corresponding monomers, ii)
the polymer and the corresponding monomermay ormay not exhibit the same mesophase
types. One can not assume the mesophase type of a polymer by the corresponding
monomer.
In the case of main chain polymers, the mesogenic unit is incorporated into the
polymer main chain by the following two ways:
i) rigid segments joined by flexible segments:
The rigid segments could be "(oV (<5) - or - /q\-CH=CH- /q\ - and the
flexible segments are normally methylene
-(-CH2-)n_
groups.
ii) totally rigid segments ( with very little or no chain flexibility ):
These materials often have quite high solid - mesophase temperatures and are insoluble in
most of the organic solvents. Some methods have been used for chemical structure design in
order to reduce the phase transition temperatures ( refer to "polyesters", page 23 ).
Depending upon the order of mesogenic units on the polymer main chain, main chain
liquid crystalline polymers can also be classified into nematic and smectic categories.
Figure 7 shown in schematic form the nematic and smectic organizations of a main chain
polymer.
A variety of chemical structural units are available for use in the design and synthesis
of liquid crystalline polymers. Flexible main chain polymers are shown below in schematic
18
form along with examples of chemical subunits.




rigid core, often containing aromatic rings (p-substituted) joined by rigid
linking groups, such as: - N = N -, - COO -, - CH = N -,
and -CH = CH-. Ring systems can be linearly substituted naphthyl,
biphenyl, cyclohexyl, etc.
B: lateral substituent on aromatic rings, such as CI, Br, CH3, OCH3, phenyl,
n-alkyl.
C: connecting units joining rigid core to flexible segment, such as: ester, ether,
amide, imide, urethane and carbonate.
D: flexible spacers, such as: -(-CH2-)rr siloxanes, alkylene.
Figure 7. Diagrams of Nematic (top) and Smectic (bottom) Main-Chain Polymers
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Rigidmain chain polymers are lack of the flexible segment D in the above flexible main chain
polymer structure.
Most liquid crystalline polymers are all virtually prepared by condensation ( or step -
growth ) polymerization and as such are subject to the usual limitations on molecular weight.
In practice these polymers are often synthesized by first constructing the monomers such that
the flexible spacer is incorporated into the monomer. The polymerization then proceeds to
connect the requisite parts of the rigid core. This is route A. An alternative route to these
polymers involves the reaction of rigid core units with the appropriately substituted flexible
segments in the polymerization step ( particularly useful for esters ). This is troute B.
Routes A and B are shown below:
X-Y- -Y-X-
Route A: X-Y bond links rings to form A
X 1 I C D C -X X_ Y
-C D C)n-






Most liquid crystalline polymers are obtained by step-growth ( or condensation )
polymerization. The term step-growth refers to polymerization reactions in which polymer
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molecular weight increases in a slow, step-like manner as the functional groups react. The
series of reactions is independent of the preceding step. The net effect is that dimer, trimer,
tetramer, etc., molecules are formed, and along with the monomers, react rapidly without any
long chains being formed until the reaction progresses toward total reaction of the chain
themselves. Thus, 1) long reaction times; 2) stoichiometry of functional groups; 3) removal
of by-product to drive the condensation to completion; are essential to obtain high molecular
weight polymer.
There are three main synthetic routs in the synthetic of condensation polymers: 1)
melt polymerization; 2) solution polymerization; and 3) interfacial polymerization
The melt polymerization technique is an equilibrium controlled process in which the
removal of by-product drives the reaction in the forward direction. Because of the high
temperature requirement, the reactants and polymer must be thermally stable. Stoichiometry
of reactants functional groups are required in order to obtain high molecular weight product.
Melt polymerization technique gives high yields and pure product.
Solution polymerization is also an equilibrium controlled technique. Normally,
solution polymerizations are carried out under low temperatures ( 40C - 100C ) compared
to melt polymerizations. Because of the low reaction temperature, fewer side reactions are
likely to occur. More reactive reactants are required to form polymers under the low
temperatures. There are some requirements for solvent selection:
1) inert to reactants and polymer,
2) keep the polymerization system homogeneous;
3) carry away the reaction heat and by-products from the system;
4) easy to be separated from reaction system.
The interfacial technique is a novel low temperature polymerization carried out at
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the interface between two immiscible solvents, each of the solvents containing one of the
reactants. The reaction mechanism is usually nonequilibrium and is diffusion rate controlled.
Low reaction temperature ( 0C 50C ) eliminates possible side reactions. Stoichiometry of
the functional groups in two phases is not critical because the diffusion between the two
phases can provide the same moles of functional groups to the interface. Because of the
immiscibility of polymer in neither solvents, with the formation of polymer, it must be
removed from the system interface normally by drawing membranes or fibers. Compared to
the other two techniques, even under low conversion of the reactants, high molecular weight
polymers can also be formed.
POLYIMIDE
Polyimides, are normally produced by two step condensation reaction of an
aromatic dianhydride with a diamine.
The first step produces an intermediate polyamic acid which is processable and
soluble, and in the second step, the polyamic acid is converted to the final polyimide by a
thermal or chemical loss of water. The second step takes place at an elevated temperature to
complete the dehydration and ring closure to give a polyimide which is insoluble in common
polymer solvents.
Extensive research has converted nearly every conceivable AR and R groups for this
polyimide system. The most common dianhydrides used in polyimides are pyromellitic
acid (4) and benzophenone tetracarboxylic acid (5). Among the diamines used are
aliphatics, p
- phenylene and bridged biphenylene.
22
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Pyromellitic Dianhydride (PMDA) (4) Benzophenone Tetracarboxylic Dianhydride (5)
Polyimides exhibit a variety of properties and characteristics. They do not behave as
thermoplastics even though they have linear structures.
Polymer backbones comprised of rigid, inherently stable, aromatic phenylene and
imide rings impart polyimides with excellent thermal oxidative properties, and at the same
time made them exceedingly difficult to process because of their high and sometimes
indeterminate melting points. The outstanding properties of polyimides include continuous
service at 500F, wear resistance, low friction, good strength, toughness, thermal stability,
high dielectric strength and radiation resistance. In addition, their stable backbone structure,
resistance to acid hydrolysis and bacterial attack allow polyimides to be used as membranes
for reverse osmosis and hyperfiltration.
POLYESTER
Polyesters, could be produced by the following methods:
l)Melt polymerization: transesterification of esters with carboxylic acids.
e.g. R1-OCO-CH3 + HO-CO-R2 > R1-OCO-R2 + CH3-COOH
2) Solution polymerization: condensation of acid-chlorides with alcohols in
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solvent.
e.g. R1-CO-CI + HO-R2 solvent > RJ-COOR2 + HC1
3) Interfacial polymerization: condensation of acid-chlorides ( in organic phase)
with alcohols ( in aqueous phase), normally aqueous phase is basic in
order to remove the by-product HC1 and drive the polymerization to
complete.
e.g. Ri-CO-Cl + -O-R2 > R1-CO-OR2 +
Cl"
Since polyesters are a large group, it is convenient to subdivide them into three
subgroups:
i ) rigid homopolyesters
ii) semirigid homopolyesters having rigid groups and flexible spacers
iii ) copolyesters
Completely rigid polyesters of high symmetry, e.g. poly - (1,4-phenylene
terephthalate ) (6):
-[-CO-/ o )-OCO-( o
>-]n- (6)
267C 467C
solid > liquid crystalline polyester > isotropic
liquid
-[-Co/o\o-(CH2)l 1-0/ O \cOO-/ O Vo-]n- (7)
CH3
The increase in the flexible spacer length decreases both the degree of liquid crystallinity and
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the polymer relaxation time. A sufficiently long relaxation time is required so that the
extended chain orientation will be maintained while the polymer cools below its
crystallization temperature ( if the polymer is crystalline ) or its glass transition temperature
( if the polymer does not crystallize ) so that the extended chain orientation will be locked in
place.
The second method for reducing high melting point of the basic poly (1,4
-
phenylene terephthalate ) structure is substitution on the aromatic rings. When a substituted
hydroquinone is used as a monomer and the substituent is chloro-, methyl-, tert-butyl-, or
1,1-dimethylhexyl-, the polyterephthalate homopolyesters still melt too high ( appreciably
above 350C ) to be injection-molded or melt spun without thermal degradation.26 When
the substituent on hydroquinone was tert-butyl, for instance, the DSC endotherm peak of the
polyterephthalate was 444C. However, when the substituent was bulky phenyl, the DCS
melting endotherm peaked at 340C, and this polyester can be injection-molded and melt
spun at about 360C to give plastics and fibers with high tensile properties.27-29 Figure 8
shows the effect of the hydroquinone component on the polyestermelting points.
From Figure 8, we see that the increase of hydroquinone fraction (x), or decrease of
phenyl substituted hydroquinone fraction (y) in the copolymer (8).
(-CO/ Q >CO-)i.o--(-0/ o >0-)x-(-0-( C
)-0-)y- (8)
increases the copolymermelting point.
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Figure 8. Effect ofHydroquinone Content onMelting Point of
Poly(phenyl-1,4-phenylene terphthalate) Copolyesters
The third method for reducing the high melting point of poly (1,4-phenylene
terephthalate) is modification of the polymer with certain rodlike comonomers which,
because of their rodlike structure, do not reduce the degree of crystallinity. The most
effective monomers that have been found^ for reducing the polyestermelting points by this
method are those based on the 2,6-oriented naphthalene ring. The 2,6-naphthalene ring
structure does introduce a crankshaft conformation in the polymer chain; but, because the
27
chain continues in a direction parallel to the original direction, there appears the be no loss in
liquid crystallinity,as is indicated by the high level of plastic and fiber properties. Liquid
crystalline polyesters also can be prepared with 1,4- and 1,5- oriented naphthalene
monomers, but the polymers have higher melting points than those based on 2,6-oriented
monomers.
If the bonds attached to the naphthalene ring are not coaxial ( 1,4-orientation ) or
parallel ( 1,5- and 2,6- orientation ), the naphthalene monomer will not contribute to the
liquid crystalline nature of the polymer but will decrease it in the same manner as the
monomers discussed in the next method.
The fourth method for reducing the high melting point of the basic poly
(1,4-
phenylene terephthalate ) structure is introduction into the polymer chain of rigid kinks that
cause the polymer chain to continue at an angle to the original extended chain conformation.
Consequently, as the amount of the kinking component is increased, the liquid crystallinity
and the orientability of the polyesters from the melt are decreased; therefore, the levels of
tensile and flexural properties that can be attained are decreased. Examples of kinking
components are dibenzoic acids and diphenols with one atom ( such as carbon or oxygen )
linking the two aromatic rings, and meta - orientedmodifiers ( such as resorcinal, isophthalic
acid, and m-hydroxybenzoic acid )26. Very high plastic and fiber tensile properties can be
attained if the level of modification is low ( 10 mol% based on all repeating units). These
properties decrease as the kinking component increases. In addition to reducing the
crystalline melting point, kinked groups also reduce the degree of crystallinity of the
polymers, consequently, heat - deflection temperatures of the injection molded plastics are
reduced, and the temperatures to which fibers can be heat - treated to increase the polymer
molecularweight and fiber tensile properties are reduced because of the fusion of filaments.
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Some highly crystalline liquid crystalline polyesters can be modified to reduce their
melting points, softening points, and degree of crystallinity and at the same time not affect
their degree of liquid crystallinity. This occurs, for instance, when poly (
phenyl-1,4-phenylene terephthalate ) is modified with p-hydroxybenzoic acid-^ or with
2,6-naphthalene dicarboxylic acid.26
A methyl- or chloro- substituent attached to a hydroquinone moiety in a liquid
crystalline aromatic polyester decreases the thermal oxidative stability of the polyester;
however, the substituent permits greater chemical resistance of a shaped object to heat
treatment in air at 300C.29,31
Quite a different situation is observed with homopolyesters in which the repeating
unit has rigid segments ( which are often mesogenic even before polymerization ) and
flexible spacers. Roviello and Sirigu ( 1982 ) used the following mesogenic units to prepare
polyester^
according to:
)=ch/o\HO-< O )-C(CH3)=CH-( O >OH + Cl-CO-(CH2)n-CO-Cl
-[-CO-(CH2)n-COO-( Q ) -C(CH3)=CH-{ Q
)-0-]n-
The transition behavior, as a function of the numbers ofmethylene groups (n), is illustrated
in Figure 9. This is the so called "odd-even effect". The even-membered series have a
transoid arrangement of the benzene rings which leads to a shorter crystallographic repeating
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Figure 9. Variation ofTq>j andT^j Temperatures with the Number ofMethylene
for Homopolyesters of4,4'-Dihydroxy- $-methyl-stilbene and Alipahtic Acid
conformation of the odd-membered series would require two chemical repeating units per
crystallographic repeat The mesophase was indicated to be nematic, although no schlieren
patterns were reported. Note that these polymers are truly thermotropic, in the sense that the
nematic > isotropic transition temperature CPNl) is now within the measurable range. One
of the features is the effect of an increase of the number of methylene units, which reduces
both the crystal --> nematic (Tcn) ^dme nematic --> isotropic transition temperatures, with
an evidence even - odd effect on both transitions. This effect is similar to that observed for
lowmolecular weight liquid crystals and side chain liquid crystalline polymers. The longer
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the methylene units in the chain, the more flexible the polymer chain and the lower the
melting point. An interesting feature of the plot of transition temperatures versus spacer
length is a less dependence of the clearing temperature (Tjsfi) on spacer length than the
melting temperature (Tqs[)- As a result, polymers with an odd number ofmethylene spacers
not only had lower melting temperatures than the polymers with even number spacers but
also had wider temperature ranges of mesophase stability. Due to the different ways in
which n affects Tqn and T^l, there is only a discrete range of n in which the mesophase is
stable.
The third type of liquid crystalline polyester is the random copolyester. These
systems are suitable for high modulus applications. However, they may exhibit wide
biphasic regions ( nematic and isotropic ), a feature that might not be desired in polymer
processing ( the isotropic phase may not achieve the optimal orientation during flow. An
alternative is the inclusion of flexible units to modify the behavior of the melt. The
alternating pattern of flexible spacer-rigid mesogen-flexible spacermay result in better liquid
crystal properties.
POLYfESTER-rMrDEI
The study of liquid crystalline poly(ester-imide)s
with well-defined mesogenic imide
group in the main chain is a relatively new area in
polymer science. It was only in 1988 that
the first polymer of this type was reported in the
literatures,33'34
and because of its recent
appearance, many of the structural characteristics that lead to a
crystalline in polymer are not
well understood.
Main-chain poly(ester-imide)s contain both imide and ester groups in the polymer
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backbones. The polymer repeat unit has the following structure:
o 0
-[-N AR N-Ri-O-AR orR-0-R2-]n-
0
0
One of the features reported in this thesis is the use of the pyromellitic imide
mesogenic unit. Our initial work on the preparation of poly(ester-imide)s with variable
flexible spacers is reported in chapter 3.0 of the thesis, and the physical properties of these
poly(ester-imide)s are described there in detail.
Poly(ester-imide)s derived from pyromellitic dianhydride ( PMDA ),uJ-aimno acids,
and various bisphenols, in particular hydroquinone ( 9 a-d ) or 4,4'- dihydroxybiphenyl




9 a-d: n = 4, 5, 10, 11; AR = -<Q
lOa-d: n = 4,5, 10, 11; AR = - <0> (O
These poly(ester-imide)s were investigated with regard to mesophase formations and their
32
These poly(ester-imide)s were investigated with regard to mesophase formations and their
fhermomechanical properties. Two interesting results were obtained. First, polymers 10 a-d
did not form a well defined mesophase, although the 4, 4'-dihydroxybiphenyl unit is
well-known as a mesogenic group. Surprisingly, poly(ester-imide)s containing
hydroquinone ( e.g., 9 c ) or bis ( 4-hydroxyphenyl ) ether exhibited a mesophase, even
though both bisphenols are not mesogenic. Obviously, in this case, the pyromellitic imide
unit plays the role of the mesogen. However, the author did not mention what kind of
mesophases had been observed. Second, high heat-distortion temperatures ( HDT ) were
found for both series of poly(ester-imide) 9 a-d and 10 a-d. In contrast to most
semicrystalline polymers including various thermotropic liquid crystalline polyesters, the
HDTs of 9 a-d and 10 a-d are related to the melting points and not to the glass-transition
temperatures ( Tg's ). This result means that the crystallites form the coherent matrix and not
the amorphous phase. However, very few have been studied systematically by preparing a
homologous series of poly(ester-imide)s containing flexible spacers. For this reason, the
preparation of a homologous series would give the opportunity to determine the effects a
polymethylene spacer would have on changes in the liquid crystallinity of polymers.
The commercialization of this class of polymeric materials has been limited to
applications involving high orientation of the polymer chains in forms such as fibers. Unlike
low molecular weight liquid crystalline compounds, polymers with mesogenic groups in the
main chain are slow to rearrange in external electromagnetic fields and may not be useful in
liquid crystal displays. However, advantage could be taken of the mesophase structure
leading to anisotropic properties in the final state. Molecules that exhibit a liquid crystalline
phase are most frequently anisodiameteric in shape (e.g., rod or disks ). This necessarily
implies that many of the properties of these materials will be anisotropic when measured in a
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coordinate frame set in the molecules. For example, most mesogenic molecules are
diamagnetic, so the magnetic susceptibility will be small in magnitude and negative. The
diamagnetic anisotropy, a = II , is usually positive, hence there will be a tendency for
the molecules to be oriented with their long axes parallel to a magnetic field. Other
anisotropic properties are the dielectric constant, electrical conductivity, and viscosity. In
summary, external fields have an exceptional effect upon mesophases due to their unique
combination of anisotropy of the molecules and cooperativity of the molecular interactions.
Therefore the preparation of polymers suitable for this kind of application was among the
inspirational factors to poly(ester-imide) research.
It was discovered, in a capillary tube, that the mesophase often appears to the naked
eye as a cloudy, turbid fluid.
A liquid crystalline sample sandwiched between glass plates when viewed through a
polarizing light microscope ( PLM ) is often highly birefringent. Quenching the polymer
samples from their liquid crystalline state to room temperature succeeds in "freezing
in"
their textures. In spite of the thermal shock, both the homotropic alignment and the planar
one can be retained in the glassy state. The details of these optical textures are highly
dependent upon mesophase type, sample thickness, and surface treatment of the glass among
other factors. There has been, however, a considerable effort to use optical textures to
differentiate / identify phase type.
Several polymers when examined under the polarizing light microscope exhibit
threaded and / or Schlieren textures indicative of nematic
phases.3^*3" Upon cooling an
isotropic melt, the nematic phase begins to separate at the clearing point in the form of typical
droplets which, after further cooling, grow and coalesce to form large domains. Nematic
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droplets characterize a type - texture of the nematic phase since they occur nowhere else.
When observed between crossed polarizers, the Schlieren texture shows dark brushes joined
at certain points.
In the case of smectic polymers, observation of specific textures may be difficult.
Often textures occur whose characteristics are somewhat obscure and observable only with
difficulty even at large magnification. Similar texture may be observed with two liquid
crystalline states separated by a phase transition. However, several variants occur which
closely resemble the focal conic and fan
- shaped textures of A and C modifications in
conventional liquid crystals. Thus, polyesters prepared from
di-n-propyl-p-terphenyl-4,4"
carboxylate and linear or branched aliphatic diols forms smectic A phases which are easily
identifiable from their simple focal conic and fan textures.3^ Occasionally it is possible to
get uniaxially ordered textures and to observe oily streaks starting from air bubbles. On the
other hand, poly
(terphenyl-4,4"
dicarboxylates) incorporating ether flexible spacers form
smectic C phases which show
"broken"
focal conic textures 3^
Transitions of liquid crystals viewed under a polarizing lightmicroscope sometimes
show characteristic phenomena.
X-ray diffraction provides information concerning the arrangement and mode of
packing ofmolecules and the types of order present in a mesophase. Classic X-ray methods
determine short range order only. With the help of small angle X-ray diffraction, differences
in the long range molecular order can be established.
It is often possible to distinguish between nematic and smectic phases of
conventional liquid crystals from X-ray diffraction patterns of unoriented or powder samples
but this is not always possible ( e.g. S\ and Sc may be confused ). The diffraction pattern
of a powder sample can be divided into inner rings at small diffraction angles and outer rings
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at large angles. The inner rings correspond to short preferred spacings occurring in the
lateral packing arrangement of the molecules. The appearance of a broad halo or a sharp ring
furnishes a qualitative indication of the degree of order. The most common mesophases can
be divided into three groups according to the characteristics of theirX-ray diffraction patterns
at large angles. In the first group we find the nematic, smectic A and smectic C phases.
They give only one diffuse outer halo which indicates that the lateral arrangement of the
molecules is disordered: the distribution of the molecular centers of mass is random. The
second group is composed of the smectic phases which exhibit three - dimensional order: the
smectic E and smectic B and their tilted modifications - the smectic H and smectic G. The
diffraction patterns show a single or several sharp outer rings which are related to the high
degree of order within the layers. The Sp and St phases are intermediate between these two
groups.
If a sample can be obtained in the form of an oriented monodomain, it is possible to
extract more detailed structural information from its X-ray diffraction pattern. Oriented
specimens can be prepared by cooling in a strong magnetic field from the isotropic liquid
phase into the nematic phase. Aligned S^ and Sq may then be prepared by careful cooling
from the aligned nematic phase. This may in fact be very difficult and the result depends on
the specimen and the conditions ( e.g. surface treatment ). An alternative procedure, useful
for preparing monodomains of the more ordered phases is by careful melting of either a
single crystal or an oriented fiber.
Differential Scanning Calorimetry (DSC) is a valuable aid by which phase transition
temperatures, transition heats, and transition entropies can be conveniently measured or
calculated.
The essential features of the phase behavior of liquid crystalline side - chain
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polymers are relatively well established. Usually, the DSC trace exhibits a glass transition,
characteristic of the polymer backbone, and a first-order transformation from the mesophase
to the isotropic phase due to the mesogenic side chains. A given polymer may have several
mesomorphous phases and, so far as can be gathered from observations, these are then
separated from one another by first - order transition points. It has been demonstrated that,
when mesogenic side groups of the same chemical structure are attached via flexible spacers
of approximately the same length to different polymer backbones, the thermal stability of the
liquid crystalline phase diminishes with increasing flexibility of the polymer backbone. Both
the glass transition and the mesophase - isotropic liquid transition temperatures are lowered
as the flexibility of the backbone is increased, as for many conventional liquid crystals, the
mesophase - isotropic phase transition temperature alternate in a regular manner as the
flexible spacer is extended. Comparison of mesogenic monomers and corresponding
polymers shows that polymerization stabilizes the mesophase: the phase transition
temperatures of polymers are shifted to higher temperatures.
The thermal behavior of liquid crystallinemain - chain polymer is more complicated.
In most cases, samples show a glass transition ( positive ACp ), melting ( endotherm ) and
mesophase mesophase and / ormesophase - isotropic liquid transitions ( endotherm ).
Quickly cooled samples may demonstrate so called cold crystallization ( endotherm ) when
heated above the glass transition. However, this low temperature behavior depends on the
cooling rate: the slower the cooling rate, the
smaller are the glass transition and the cold
crystallization exotherm. Additional first - order transitions observed at low temperature may
result from: recrystallization, polymorphism or fundamental differences in crystal
morphologies.
This makes DSC curves of liquid crystalline main - chain polymers difficult to
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interpret and the nature of the transition can be established only through a combination of
optical observations and X-ray investigations.
On cooling of an isotropic liquid, the mesophase
- isotropic phase and mesophase
mesophase transitions are almost reversible while a marked supercooling is observed for the
solid - mesophase and solid
- solid transitions. Only the lowest temperature mesophase can
be frozen in the glassy state.
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2.0 OBJECTIVES
The objective of this research was the preparation and characterization of a series of
ordered poly ( ester-imide )s having the general structure shown in Figure 10.
The first part of this research involved the preparation of poly(ester-imide)s by
solution condensation polymerization of#yj -pyromellitimide dicarboxylic dichlorides with
diols. Reaction is shown in Equation 1.
Commercially available 1,2,4,5-benzenetetracarboxylic anhydride (pyromellitic
dianhydride, PMDA ) was melt reacted with 6-aminohexanoic acid and 1 1-aminoundecanoic
acid to give theo(i*>-pentamethylene pyromellitimide dicarboxylic acid anda^ decamethylene
pyromeUitimide dicarboxylic acid.cVii)-pentamethylene pyromellitimide dicarboxylic acid and
o>0- decamethylene pyromellitimide dicarboxylic acid were converted into l2,a'-pentamethylene
pyromellitimide dicarboxylic dichloride andtx,W- decamethylene pyromellitimide dicarboxylic
dichloride by treatment with excess amount of thionyl chloride SOCI2. Diols are
commercially available with 96+% purity.
Solution polymerizations were carried out by reacting &uj -pentamethylene
pyromellitimide dicarboxylic dichloride andatu^ decamethylene pyromellitimide dicarboxylic
dichloride with various diols, using refluxing 1,2,4-trichlorobenzene as solvent.
Hydrochloric acid gas, a by-product of this reaction and insoluble was distilled and was
bubbled through sodium hydroxide solution. Solution polymerization reaction is shown in
Equation 1.
The second part of this research involved the syntheses of the same series of
poly(ester-imide)s by melt polymerizations of <t,o) -pentamethylene pyromellitimide
dicarboxylic acid and cV.uJ- decamethylene pyromellitimide dicarboxylic acid with diacetates as
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shown in Equation 2.
The tfjU) - pyromellitimide dicarboxylic acids were melt polymerized with




POLYMER ABBREVIATION n m
12 a 5 6
12 b 5 8
12 c 5 9
12 d 5 10
12 e 5 12
13 a 10 6
13 b 10 8
13 c 10 9
13 d 10 10
13 e 10 12
Figure 10. Poly(ester-imide) Repeat Units





where n = 5 or 10
PMDA
o 0












HO-(CH2)m-OH 12 (a-e) and 13 (a-e)
m = 6,8,9,10,12




















1) 1,2,4,5-Benzenetetracarboxylic anhydride, 6-aminohexanoic acid,
11-aminoundecanoicacid, 1,6-hexanediol, 1,8-octanediol, 1,9-nonanediol, 1,10-decanediol,
1,12-dodecanediol, N,N-dimethylacetamide, thionyl chloride, 1,2,4-trichlorobenzene, acetic
anhydride and m-cresol were obtained from Aldrich Chemical Company Inc.
2) 1,2,4,5-Benzenetetracarboxylic anhydride ( pyromellitic dianhydride, PMDA )
was recrystallized from acetic anhydride and stored in desiccator. Melting point was
279-280C.
3) Unless otherwise stated, all melting points were not corrected and were
determined on aMel-temp apparatus using capillary tubes.
4) Infrared spectra of all samples were determined using a Perkin-Elmer PE-68 1
infrared spectrophotometer. Infrared spectra can be found in the appendix.
5) Differential Scanning Calorimetry (DSC) analyses were determined using a
Perkin-ElmerDSC-4 with a heating or cooling rate of20C perminute. Heats of transition
and temperatures were calibrated using indium as a standard. All DSC runs were performed
under nitrogen atmosphere using a pre-weighed sample with an empty sample pan and lid as
reference. Using DSC-4, transition temperatures can be given by maximum peak value or
onset value. Unless otherwise stated, all transition temperatures used for this thesis are onset
values. All DSC thermograms can be found in the appendix.
6) Inherent viscosities were determined using a
Ubbelohde- Viscometer using
m-cresol as solvent. All measurements were carried out in a constant temperature water
bath of 25C (0.1C) with a polymer concentrations of 0.125 g in 25.0 mL of
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m-cresol. The value of solution viscosity reported are single point inherent viscosity
measurements.
7) All polymer thin films were examined by Leitz Polarizing Light Microscopy
(PLM) using a Mettler variable-temperature hot stage apparatus. Photographs were taken
with a camera attachment ofmagnification 320 and were using Kodak Color Gold 400 film.
3.2 Synthesis of tf.to - Pyromellitimide Dicarboxylic Acid
3.2.1 Synthesis of oE.to - Pentamethylene Pyromellitimide Dicarboxylic Acid
10.9175 grams ( 0.0500 mole ) of 1,2,4,5-benzenetetracarboxylic anhydride
(recrystallized from acetic anhydride ) and 13.1269 grams ( 0.1000 mole ) of
6-aminohexanoic acid were mixed well and added into a 250 mL one-necked round-bottom
flask, fitted with a rubber septum. Two needles were used, one a nitrogen inlet going into
the mixture and the other an outlet without contact the chemicals. The flask was heated in an
oil bath 250C for 3 hr and 30 min. After cooling to the room temperature, crude product
was removed from the reaction flask to yield 19.2461 grams ( 87% ), melting point
238-241C.
The crudest*)- pentamethylene pyromellitimide dicarboxylic acid was dissolved by
N,N-dimethylacetamide (DMAc) in an Erlenmeyer flask by heating on a hot plate, filtered
and cooled to room temperature. Ice-cold water was dropped into the solution to form
crystals. Crystals were suction filtered and then dried in 80C vacuum oven overnight and
stored in desiccator for further use. Product was a light orange color with amelting point of
240-241C.
Elemental analysis for C22H240gN2:
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Calculated %:C = 59.46, H = 5.44, N = 6.30
Found %: C = 59.68, H = 5.45, N = 6.23
IR (KBr) cm"1: 3300 - 2500 (broad region, H-bonding between -COOH
groups), 2940 (C-H stretch), 1710 ( broad, C=0 stretch), 1450 ( CH2
deformation ), 730 ( CH2 rocking motion )
3.2.2 Synthesis of ol, U3 - Decamethylene Pyromellitimide Dicarboxylic Acid
5.4615 grams ( 0.025 mole ) of 1,2,4,5 -benzenetetracarboxylie anhydride and
10.0778 grams ( 0.050 mole ) of 11-aminoundecanoic acid was reacted at the same
procedures as the above reaction. Crude product had a yield of 97%, melting point was
184-188C. Crude product was recrystallized directly fromDMAc. Pure product was white
crystals, melting point 190-191C.
Elemental analysis for C32H440gN2:
Calculated %: C = 65.73, H = 7.58, N = 4.79,
Found %: C = 65.68, H = 7.66, N = 4.86.
IR (KBr) cm-1: 3300
- 2500 (broad region, H-bonding between -COOH groups),
2940 (C-H stretch), 1710 ( broad, C=0 stretch), 1450 ( CH2 deformation ),
730 ( CH2 rocking motion ).
3.3 Synthesis of oL.uo - Pvromellitimide Dicarboxylic Dichloride
3.3.1 Synthesis ofU. iQ- Pentamethylene Pyromellitimide Dicarboxylic Dichloride
In a 100 mL one-necked round-bottom flask equipped with a condenser, a drying
tube andmagnetic stirrer barwere placed.
1.2184 grams ( 2.74 mmole ) ofc, tu -pentamethylene pyromellitimide dicarboxylic
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acid, 10 mL (137.09 mmole, 49.85 times excess) thionyl chloride and a few drops of
N,N-dimethylformamide (DMF) were mixed. The mixture was reflux using a heating
mantle. After heating few minutes, orange colored solid dissolved into thionyl chloride
giving a dark brown solution. The hydrochloric gas was led through the drying tube into an
empty trap and then into a 10% sodium hydroxide solution. After reflux started, the reaction
was run for about 7 hours.
A normal pressure distillation was used to remove the excess thionyl chloride to give
a brown colored product. The brown colored product was dried in a vacuum oven at 80C
for 3 hours, then dissolved in benzene and recrystallized by adding cold cyclohexane. The
precipitate was filtered, dried in vacuum oven at 80C for 24 hours to give 1.3188 grams
(75% yield) of a brown colored powder crystals, with amelting point of 210-212C.
Elemental analysis for C22H2206N2C12;
Calculated %: C = 54.90, H = 4.61, N = 5.82, CI = 14.73,
Found %: C = 55.28, H = 4.58, N = 5.99, CI = 14.22.
IR (KBr) cm-1; 2950 ( C-H stretch ), 1710 ( C=0 stretch ), 1450 ( CH2
deformation ), 945 ( C-Cl stretch ) and 725 ( CH2 rocking motion ).
3.3.2 Synthesis of <*, tx> - Decamethylene Pyromelhtimide Dicarboxylic Dichloride
0.5852 gram (1.000 mmole ) ofai, to - decamethylene pyromellitimide dicarboxylic
acid was treated with 10 mL (137.09 mmole, 137.09 times excess) SOCl2 by the same
procedure as described in 3.3.1. After recrystallization, 0.4989 grams ( 80% yield) tan
colored product was obtained, with a melting point of 170-172C.
Elemental analysis for C32H4206N2C12:
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Calculated %: C = 64.57, H = 6.32, N = 4.18, CI = 10.59,
Found %: C = 64.29, H = 6.61, N = 4.43, CI = 11.03.
IR (KBr) cm"1: 2930 ( C-H stretch ), 1710 ( C=0 stretch ), 1450 ( CH2
deformation ), 950 ( C-Cl stretch ) and 725 ( CH2 rockingmotion ).
3.4 Synthesis ofAlkvleneDiacetates
3.4.1 Synthesis of 1.6-Hexamethylene Diacetate
Into a 50 mL two-neck round-bottom flask fitted with a thermometer, condenser and
a magnetic stirrer bar was place, acetic anhydride 30 mL (0.318 mole ), 1,6-hexanediol
7.5326 grams ( 0.06374 mole ), and a few drops of concentrated sulfuric acid. This mixture
was refluxed for 6 hours at a temperature no higher than 120C. After cooling to room
temperature the dark brown colored mixture was transferred to a separatory funnel, and
extracted with ice-cold ether and 20 mL ice-water. The ether extracts were saved, washed
with 2 x 30 mL ice-cold water, 2 x 25 mL cold 10% sodium carbonate solution, and dried
over anhydrous magnesium sulfate. Solution was filtered to removemagnesium sulfate and
rotatory evaporated at water bath temperatures no higher than 40C to give 12.6523 grams
(98% yield) crude product A vacuum distillation gave 12.0325 grams ( 93% yield) of a clear
liquid product, boiling point of 134
- 136C at 1 1 mmHg pressure.
IR ( Chloroform ) cm'1: 2940 ( C-H stretch ), 1740 ( C=0 stretch ), 1470 ( CH2
deformation ), 1370, 1240 ( characteristic band of C-O-C stretch ), 1050,
750 ( CH2 rocking motion ).
3.4.2 Synthesis of 1.8-Octamethvlene Diacetate
8.9264 grams (0.0610mole) 1,8-octanediol and 30 mL (0.318 mole) acetic
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anhydride reacted as the same procedure as 3.4.1. Crude product was 14.0905 grams
(99.9% yield). After vacuum distillation, 13.7823 grams ( 98% yield) clear liquid product
was obtained, boiling point of 103 - 105C at lmmHg pressure.
IR ( Chloroform ) cm"1: 2940 ( C-H stretch ), 1740 ( C=0 stretch ), 1470 ( CH2
deformation ), 1370, 1240 ( characteristic band of C-O-C stretch ), 1050,
750 ( CH2 rocking motion ).
3.4.3 Synthesis of 1.10-Decamethvlene Diacetate
29.9140 grams ( 0.1716 mole ) 1,10-decanediol and 37 mL (0.392 mole) acetic
anhydride reacted as the same procedure as 3.4.1. Crude product was 42.2652 grams (95%
yield). After drying byMgS04 and evaporation of ether, solution was dropped into cold
water and precipitate formed. Precipitate was suction filtered and washed by cold water.
40.3724 grams (91% yield) white crystals were obtained, which had amelting point of 24
-
25C.
IR ( Chloroform ) cnr1: 2940 ( C-H stretch ), 1740 ( C=0 stretch ), 1470 ( CH2
deformation ), 1370, 1240 ( characteristic band of C-O-C stretch ), 1050,
750 ( CH2 rocking motion ).
3.4.4 Synthesis of 1.12-Dodecamethylene Diacetate
30.4615 grams ( 0.1505 mole ) 1,12-dodecanediol and 30 mL (0.318 mole) acetic
anhydride reacted as the same procedure as 3.4.3. Crude product was 42.2678 grams (98%
yield). After drying by MgS04 and evaporation of ether, solution was dissolved in ethanol
and recrystallized from cold water. 40.1275 grams ( 93% yield) white crystals were suction
filtrated from solvent, which had amelting point of 32
- 33C.
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IR ( Chloroform ) cm'1: 2940 ( C-H stretch ), 1740 ( C=0 stretch ), 1470 ( CH2
deformation ), 1370, 1240 ( characteristic band of C-O-C stretch ), 1050,
750 ( CH2 rocking motion ).
3.5 General Procedures for Solution Polymerization
Into a 250 mL one neck round-bottom flask equipped with a condenser, drying tube
and magnetic stirrer bar was placed, equal moles ofU,uO -pyromellitimide dicarboxylic
dichloride and diol and 1,2,4-trichlorobenzene. The mixture was refluxed about 17 hours
until the was no longer tested acidic with universal test paper. The reaction mixture was
cooled to room temperature and then in an ice bath to precipitate the polymer. Polymer
crystals were removed by filtration and washed with small portions ofwater, dried in 80C
vacuum oven overnight. The dried polymer was reserved for further characterization.
3.5.1 Synthesis of Polvmer 12 a bv Solution Polymerization
Using general solution polymerization procedures ( section 3.5), 0.3571 gram
(0.7420 mmole) of oi, uj -pentamethylene pyromellitimide dicarboxylic dichloride was
reacted with 0.0865 gram ( 0.7319 mmole ) of 1,6-hexanediol to produce 0.3004 gram
polymer 12 a.
Yield = 76.89%
T\inh = 0-24 dL/gram
Melting Point = 157-162C
IR (KBr) cm-1: 2920 (C-H), 1720 (C=0), 1240 (C-O-C)
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3.5.2 Synthesis of 12 h hv Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.3662 gram
(0.7600 mmole) of <X, to -pentamethylene pyromellitimide dicarboxylic dichloride was
reacted with 0.1108 gram ( 0.7577 mmole ) of 1,8-octanediol to produce 0.3433 gram
polymer 12 b.
Yield = 7 1.99%
7]^ = 0.10 dL/gram
Melting Point = 147-152C
IR (KBr) cm-*: 2915 (C-H), 1720 (C=0), 1240 (C-O-C)
3.5.3 Synthesis of 12 c bv Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.3687 gram
(0.7660 mmole) of Oi,u> -pentamethylene pyromellitimide dicarboxylic dichloride was




Melting Point = 148-153C
IR (KBr) cm-1: 2915 (C-H), 1710 (C=0), 1240 (C-O-C)
3.5.4 Synthesis of 12 d bv Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.5242 gram
(1.0900 mmole) of o, uJ -pentamethylene pyromellitimide dicarboxylic dichloride was




>|inh = 0.24 dL/gram
Melting Point = 132-140C
IR (KBr) cm'1: 2910 (C-H), 1720 (C=0), 1240 (C-O-C)
3.5.5 Synthesis of 12 e bv Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.4862 gram
(1.0100 mmole) of ol, U3 -pentamethylene pyromellitimide dicarboxylic dichloride was
reacted with 0.2035 gram ( 1.0060 mmole ) of 1,12-dodecanediol to produce 0.4430 gram
polymer 12 e.
Yield = 73.45%
y\ inh = 0.22 dL / gram
Melting Point = 121-128C
IR (KBr) cm'1: 2910 (C-H), 1710 (C=0), 1240 (C-O-C)
3.5.6 Synthesis of 13 a bv Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.1867 gram
(0.3006 mmole) of oC , OJ -decamethylene pyromellitimide dicarboxylic dichloride was
reacted with 0.0372 gram ( 0.3108 mmole ) of 1,6-hexanediol to produce 0.1996 gram
polymer 13 a.
Yield = 73.88%
^inh = 0.23 dL/gram
Melting Point = 142-149C
IR (KBr) cm'1: 2910 (C-H), 1710 (C=0), 1250 (C-O-C)
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3.5.7 Synthesis of 13 b bv Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.4560 gram
(0.7336 mmole) of oC.oJ -decamethylene pyromellitimide dicarboxylic dichloride was
reacted with 0.1073 gram ( 0.7338 mmole ) of 1,8-octanediol to produce 0.4232 gram
polymer 13 b.
Yield = 75.13%
7|inh = 0.07 dL/gram
Melting Point = 122-128C
IR (KBr) cm-1: 2910 (C-H), 1710 (C=0), 1240 (C-O-C)
3.5.8 Synthesis of 13 c by Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.6615 gram
(1.0600 mmole) of M.vJ -decamethylene pyromellitimide dicarboxylic dichloride was
reacted with 0.1704 gram ( 1.0600 mmole ) of 1,9-nonanediol to produce 0.5812 gram
polymer 13 c.
Yield = 77.29%
)|inh = 0-23 dL/gram
Melting Point = 132-145C
IR (KBr) cm"1: 2910 (C-H), 1705 (C=0), 1240 (C-O-C)
3.5,9 Synthesis of 13 d bv Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.6227 gram
(1.0000 mmole) of &. CO -decamethylene pyromellitimide dicarboxylic dichloride was




Tl inh = 0.22 dL/ gram
Melting Point = 124-135C
IR (KBr) cm"1: 2910 (C-H), 1710 (C=0), 1240 (C-O-C)
3.5.10 Synthesis of 13 e by Solution Polymerization
Using general solution polymerization procedures ( section 3.5 ), 0.5268 gram
(0.8000 mmole) of oi,w -decamethylene pyromellitimide dicarboxylic dichloride was
reacted with 0.1715gram ( 0.8000 mmole ) of 1,12-dodecanediol to produce 0.4345 gram
polymer 13 e.
Yield = 72.33%
^1 inh = 0-20 dL/gram
Melting Point = 90-103C
IR (KBr) cm'1: 2900 (C-H), 1710 (C=0), 1240 (C-O-C)
3.6 General Procedure forMelt Polymerization
Melt polymerization technique required a oil bath, which could heat up to 250C.
Vacuum system was essential for the later period of the polymerization to remove by-product
acetic acid and drive the polymerization to complete.
Equal moles of^w -pyromellitimide dicarboxylic acid and diacetate were mixed well
and added into a test tube. Test tube was stoppered using a rubber septum and fastened by
copper wire. Two needles were used as nitrogen inlet ( going into the mixture ) and outlet
(only going to the top surface of the
chemicals ). Nitrogen outlet went through a cold-finger
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( in 2-propanol, dry ice bath ) and connected to the vacuum pump. The reagent mixture was
then subjected to the following heating cycles:
i) 200-220C lhr
ii) 240C l/2hr
iii) 240C + vacuum l/2hr
After cooling to the room temperature, the polymerization product was recovered by
breaking the test tube and grounded into powder. After drying in 80C vacuum oven for 24
hr, polymerwas reserved for further characterizations.
3.6. 1 Synthesis of 12 a bv Melt Polymerization
Using general melt polymerization procedures (section 3.6), 7.0075 grams (15.7800
mmole ) ofoi, to -pentamethylene pyromellitimide dicarboxylic acid was reacted with 3.2038
grams ( 15.7800 mmole ) of 1,6-hexamethylene diacetate to produce 7.1444 gram polymer
12 a..
Yield = 86.10%
\ inh = 0.67 dL/gram
Melting Point = 230-232C
IR (KBr) cm*1: 2960 (C-H), 1710 (C=0), 1240 (C-O-C)
3.6.2 Synthesis of 12 b bvMelt Polymerization
Using general melt polymerization procedures ( section 3.6), 3.9797 grams ( 8.9633
mmole ) of oC, vo -pentamethylene pyromelhtimide dicarboxyhc acid was reacted with




\ inh = 0.96 dL/gram
Melting Point = 228-230C
IR (KBr) cm"1: 2930 (C-H), 1710 (C=0), 1250 (C-O-C)
3.6.3 Synthesis of 12 d bvMelt Polymerization
Using general melt polymerization procedures (section 3.6), 3.3147 grams ( 7.4650
mmole ) ofof, u> -pentamethylene pyromelhtimide dicarboxylic acid was reacted with 1.9440




= 0.83 dL/ gram
Melting Point = 206-208C
IR (KBr) cm"1: 2940 (C-H), 1710 (C=0), 1240 (C-O-C)
3.6.4 Synthesis of 12 e by Melt Polymerization
Using general melt polymerization procedures (section 3.6), 2.7275 grams ( 6.1430
mmole ) of U , to -pentamethylene pyromellitimide dicarboxylic acid was reacted with





Melting Point = 204-206C
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3.6.5 Synthesis of 13 a hv Melt Polymerization
Using general melt polymerization procedures (section 3.6), 6.3308 grams (10.8400
mmole ) of oc,vu -decamethylene pyromellitimide dicarboxylic acid was reacted with
2.2000 grams ( 10.8374 mmole ) of 1,6-hexamethylene diacetate to produce 6.5324 gram
polymer 13 a.
Yield =90.50%
7j inh = 0.99 dL/gram
Melting Point = 178-179C
IR (KBr) cm"1: 2920 (C-H), 1710 (C=0), 1240 (C-O-C)
3.6.6 Synthesis of 13 b by Melt Polymerization
Using general melt polymerization procedures (section 3.6), 4.1623 grams ( 7.1272
mmole ) of C* , tO -decamethylene pyromellitimide dicarboxylic acid was reacted with





Melting Point = 180-182C
IR (KBr) cm"1: 2930 (C-H), 1710 (C=0), 1240 (C-O-C)
3.6.7 Synthesis of 13 d bv Melt Polymerization
Using general melt polymerization procedures (section 3.6), 4.0503 grams ( 6.9354
mmole ) of <*. uJ -decamethylene pyromellitimide dicarboxylic acid was reacted with
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1.8020 grams ( 6.9570 mmole ) of 1,10-decamethylene diacetate to produce 3.7590 gram
polymer 13 d.
Yield =74.97%
K[ inh = 0.97 dL/gram
Melting Point = 167-170C
IR (KBr) cm'1: 2930 (C-H), 1710 (C=0), 1240 (C-O-C)
3.6.8 Synthesis of 13 e by Melt Polymerization
Using general melt polymerization procedures (section 3.6), 3.9273 grams ( 6.7248
mmole ) of o^tO -decamethylene pyromelhtimide dicarboxylic acid was reacted with





Melting Point = 158-160C
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4.0 RESULTS AND DISCUSSIONS
4.1 Solution Polymerization
4.1.1 Monomer and Polymer Preparations
Monomers and their precursors were prepared as described in the Experimental
Section 3.2 and 3.3. The synthetic method used was that of P. Honore and co-workers.37
The preparation $,UJ -decamethylene pyromellitimide dicarboxylic acid has been
previously reported by them. Ol,UJ -pentamethylene pyromellitimide dicarboxyhc acid and
its dichloride, Qt,[0 -decamethylene pyromelhtimide dicarboxylic dichloride are novel and
were synthesized for the first time as reported here. The representative IR spectra of these
compounds are shown in Figure 1 1 to 15.
-pentamethylene pyromellitimide dicarboxylic acid was obtained directly from the
melt reaction of PMDA and 6-aminohexanoic acid. The characteristic spectral features of
PMDA ( see Figure 11 ) were a pair of bands at 1850 and 1720
cm"1
resulting from its
antisymmetric and symmetric ( C=0 )2 stretch, respectively, and a strong broad band around
1300 - 1200 cm-1, resulting from C-O-C stretch. The absence of an anhydride group
-(-COO-CO-)-absorption at 1850 cm-1, and the presence of a carbonyl group absorption at
1720 cm-1 in (Xtt) -pyromellitimide dicarboxylic acid were taken as an indication of the
satisfactory preparation of the monomer precursorfl^pyromelHtirjiide dicarboxyhc acid ( see
Figure 12, 15 ). The characteristic spectral features of these 01,U) -pyromellitimide
dicarboxylic acids were the broad peak region from 3300 - 2500
cm-1
and 1700 cm"1'
resulting from the intermolecular and/or
intramolecular H-bonding of the carboxylic acid
groups.
The O.W -pyromelhtimide dicarboxylic dichloride was formed when it was treated
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with thionyl chloride. Changes in the characteristic spectrum were the disappearance of a





















$,00 -pyromellitimide dicarboxyhc dichloride



























































































































































































































































































stretch at 1710 cm-1 should be sharp due to the conversion of the carboxylic acid to the acid
chloride. However, the 1700 cm-1 was broadened because of the overlapping absorption of
the carbonyl groups from the (iiimide groups. The C-Cl absorption could not be used to
identify the acid chloride because both the C-Cl and C-OH out-of-plane vibrations have
absorptions at 950 cm"1.
The evidence from elemental analysis of both pyromelhtimide dicarboxyhc acids and
their dichlorides showed satisfactory preparation of these compounds.
The melting points of <% IA) -pyromelhtimide dicarboxylic acids were higher than that
of the corresponding Qt,(jd -pyromelhtimide dicarboxyhc dichlorides. The reason being the
lack ofH-bonding between the pyromellitimide dicarboxylic dichloride molecules. On the
other hand, if a comparison were made between melting points of the two pyromellitimide
dicarboxylic acids or the two pyromellitimide dicarboxylic dichlorides, we observe that an
increase ofmethylene groups, from n = 5ton = 10 causes a decrease in theirmelting points,
most likely due to the flexibility of the increased chain length.
The melting points of the monomers and their precursors are summarized in Table 1 .
Table 1. Melting Points of Q}, l0 -PyromelhtimideDicarboxyhc Acid




Pyromellitimide Dicarboxylic Acid 240-41<>C 190-91C
Pyromellitimide Dicarboxylic Dichloride 210-12OC 170-72OC
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The other monomers used in the solution polymerization were diols. The purities
and some physical properties of these diols are summarized in Table 2.





6 8 9 10 12
PURrTY% 99+ 96 98 99 99
MELTING POINT (Q 43-45 59-61 47-49 72-75 81-84
BOILING POINT (C/mmHg) 250 172/20 177/15 170/8 189/12
Because of their high boiling points, diols were difficult to purify and were used
without furtherpurification.
A series ofnovel poly(ester-imide)s were prepared by reacting equal molar quantities
of Cl,U) -pyromellitimide dicarboxylic dichlorides with various diols: 1,6-hexanediol,
1,8-octanediol, 1,9-nonanediol, 1,10-decanediol and 1,12-dodecanediol in refluxing
1,2,4-trichlorobenzene to give poly(ester-imide)s having the general structure as shown
Figure 10. The polymer structure formed consisted of a flexible polymethylene spacer from
the diol joined to a rigidmesogenic pyromeUitimide structure based on the PMDA structure.
0 0
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-[-CO-(CH2)n-N JOIN- (CH2)n-COO- (CH2)m-0-J-p
0 0
Poly(ester-imide)s
S-12 (a-e) & S-13 (a-e)
Equation 4. Solution Polymerization Reaction
The solvent used for solution polymerization, 1,2,4-trichlorobenzene easily dissolved both
pyromelhtimide dicarboxylic dichlorides and diols. In this polymerization, all polymers
precipitated out of solution while the reaction proceeded. The final polymer molecular weight
may have been dependent on polymer solubility in 1,2,4-trichlorobenzene.
4.1.2 Polymer Characterizations
Polymers were characterized by dilute solution viscosity, Infrared Spectroscopy,
Differential Scanning Calorimetry ( DSC ), Polarizing LightMicroscopy ( PLM ). Polymer
properties made by solution polymerization are tabulated in Table 3. Yields were less than
100 percent The molecular weights ofpolymers were relatively low as shown by their low
inherent viscosities and ranged of 0.07 - 0.25 dL/gram. DSC studies showed the phase
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transitions with changing temperature. Under PLM, the crystalline texture and mesogenic
texture were observed. With the help of the hot stage, the changes in texture due to the
temperature change were identified.
The IR spectra of these polymers are shown in the Appendices. Typical IR
absorptions were at 2960 cm"1 ( strong, C-H stretch ), 1710 cm"1 ( strong, C=0 stretch ),
1470 cm_1( medium, CH2 deformation), 1240
cm"1
( weak-medium, C-O-C stretch ) and
750 cm"1 ( medium, CH2 rocking motion ). A characteristic absorption of a carboxylic acid
ester is one at 1240 cm-1.
Figure 16 shows the DSC thermogram of the first heating and cooling cycle of
polymer S-12a containing five methylene groups in the imide and six methylene groups in
the diol. The first heating curve showed two sharp endothermal peaks having amaximum of
140C and 164C. During the first cooling, two sharp exothermal perks occurred. A
110C transition from mesophase to sohd state was followed by crystallization of the
polymer with a exotherm at 130C.
As can be seen from the DSC heating and cooling curves, the superheating and
supercooling of the liquid crystalline melt has occurred due to a nonequlibrium condition
during the scanning. Normally, there is a time lag between the polymer phase change and the
response time of the DSC to this change. As a result, DSC curve showed an endothermal
peak at a higher temperature than the polymermelted during heating, and exothermal peak at
lower temperature than the polymer crystallized during cooling.
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6 157-62 140 164
5 8 72 0.10 147-52 137 152 15
5 9 74 0.25 148-53 156 163 7













10 8 75 0.07 122-28 113 134 21
10 9 77 0.23 132-45 140 155 15
10 10 73 0.22 121-28 96 106 10
10 12 72 0.20 90-103 67 97 30
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The study of these polymers by the use of a Polarizing LightMicroscope proved to
be very useful when combined with the DSC study. The thin film transitions of the molten
polymers were studied on a polarizing microscope using a variable temperature hot stage.
These observations often enabled the identification of the mesophase present according to
the type of liquid crystal texture observed. Examples of the textures presented for this
polymer series are shown in Figure 17.
All the polymers S-12 and S-13 made by the solution polymerization technique
showed the typical nematic Schheren textures as shown in Figure 17 a). This texture shows
the brushes generating from point defects that are characteristic of the nematic mesophase.
Figure 17 b) shows the appearance of the mesophase nucleated in spherical droplets
from the isotropic melt. The droplets appears as the white part in this photograph. In the
white droplet a fully developed nematic mesophase can be seen.
Further characterization of these liquid crystalline materials could be done by X-ray
diffraction. Normally, thermotropic polymers crystallize slowly enough that the
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Figure 16. DSC Thermogram of Polymer S-12a
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Figure 17. Photomicrographs of theMesophase ofPolymerMade by Solution
Polymerization
a ) Polymer S-12 b at 137C showing the Schheren Texture
b ) Polymer S-13 c at 172C Nucleating from the Isotropic Melt
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4.2 Melt Polymerization
4.2.1 Monomer and Polymer Preparations
HO-(CH2)m-OH + CH3-COO-COCH3




melt polymerization > Poly(ester-imide)s
+pyromelhtimide dicarboxyhc acids M-12 (a,b,d,e) &
-2CH3COOH M-13 (a,b,d,e)
Equation 5. Monomer Preparation andMelt Polymerization
0^, (JO -pyromelhtimide dicarboxyhc acids and diacetates were prepared in the manner
described in the Experimental section 3.2 and 3.4.0*-i<^pyromellitimide dicarboxyhc acid
properties were previously discussed in section 4.1.1, and some of the diacetate properties
are reported here. The synthetic method used to convert diols to alkylene diacetates was
based on the normal method employed in an undergraduate organic laboratory. All alkylene
diacetates were characterized using IR and GC/MS. The diacetates were analyzed as
chloroform solutions. All Total Ion Chromatographs (TIC) showed only one maximum
peak with Mass/Charge equal to the diacetates molecular weight in addition to chloroform
peaks. The Mass/Charge data for the diacetates are summarized in Table 4. The
abbreviation m is used as the number of methylene groups in the diols.
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Table 4. MS/e of a AlkyleneDiacetates
m 6 8 10 12
Mass/Charge 203 231 259 287
Representative IR spectra of these diacetates are shown in the appendices. Figure 18 is a
typical IR spectrum of a alkylene diacetate. It shows absorption at 1250 cm-1 (medium, ester
C-O-C stretch ) and at 1740 cm'1 ( strong carbonyl C=0 stretch).
The same series of poly(ester-imide)s as prepared by solution polymerization were




The IR spectra of these polymers almost completely match the IR spectra of those
prepared by solution polymerization. The absence of an N-H stretch absorption at ~3500
cm-1 indicates completely imidized rings in the polymer. A medium absorption at 1240
cm"1
was due to C-O-C stretch, indicating the formation of an ester linkage. Other absorptions at
2960 cm-^ C-H stretch ); 1710 cnrK C=0 stretch ); 1470 cnrK CH2 deformation ) and
730 cm_1( CH2 rocking motion) were observed.
The properties of the polymers made bymelt polymerization are tabulated in Table 5.
The inherent viscosities of the polymers ranged from 0.67
- 1.00 dL/gram, indicating that the
polymers were of sufficiently high molecular weight. Yields of the different melt
polymerization reaction were largely ranged from 69% to 99%. Low yields might be
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attributed to the application of a vacuum to the reaction system during the last stage of the
polymerization, which removed unreacted monomers or low molecular weight oligomers.
The polymers were characterized for their thermal properties by Differential
Scanning Calorimetry ( DSC ), and by Polarizing LightMicroscopy ( PLM ) with a melting
point hot stage.
Figure 19 shows the DSC first heating and cooling curves of polymer M-12a.
Polymers M-12a and M-12b show a small shoulder on one large phase
transition ( mesophase to isotropic state ) which indicated the phase transition from sohd state
to mesogenic state. Different from the heating curve in Figure 19, thermogram curves of
M-13a andM-13b, in Figure 20, show two separated phase transition peaks, representing
the transition from solid state to mesophase and from mesophase to isotropic state,
respectively. A representative mesophase photomicrograph of polymer M-12a, M-12b,
M-13a andM-13b is shown in Figure 21. The Schheren texture of these five polymers
was typical of the appearance of the nematic mesophase.
Polymers M-12a andM-12b are the two having the fewest methylene groups in
this polymer series. The conformations of these polymer chains and the arrangement of the
mesogenic groups were less ordered for the mesophase relative to the isotropic state. Their
liquid crystal structures were less developed compared to those having longer spacers. As a
result, the DSC curves of these two polymers showed only a very
small phase transition
from sohd hquid crystal state to liquid crystal state.
DSC curves of polymers M-13a andM-13b showed considerable peak broadening
of the phase transition from hquid crystal state to isotropic state. This was accompanied by
the appearance of several apparent transitions within the melting peak. Such structuring of
the transition was reproducible and has been known to occur in polyesters where
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simultaneousmelting and crystallization leads to a multi-peak shap















5 6 86 0.67 230-32 171 232 61
5 8 78 0.96 228-30 164 232 68
5 10 85 0.83 206-08 147 182 211 64
5 12 94 0.81 204-06 139 193 210 71
10 6 91 0.99 180-82 161 184 23
10 8 69 1.00 178-79 161 185 24
10 10 75 0.97 167-70 120 150 173 53




































Different from previously described DSC curves, polymers M-12d, M-12e,
M-13d andM-13e showed triple-phase transition peaks ( Figure 22). Characterized by
polarizing light microscopy, the first transition was from solid state to a smectic C
orientation as they showed a broken fan-shaped texture with focal conic ( Figure 23 a ) and a
twisted focal conic texture (M-13e only ) ( Figure 23 b ). With an increase of temperature,
the liquid crystal structure changed from a smectic to the less ordered nematic structure as
shown by the texture change from focal conic to Schheren texture under PLM. The Schlieren
texture showed brushes generating from point defects that are characteristic of the nematic
mesophase. Finally, the nematic phase changed into isotropic phase which was totally dark
under cross -polarized light The phase transition peak from nematic to isotropic on the DSC
curves were broadmulti-peak shaped. One of the reasons for the broadness of the transition
could be the high molecular weight of the polymers prepared by melt polymerization.
However, the broadness of the transition may also be due to broad distribution resulted by
side-reaction products formed at high temperatures.
The liquid crystalline properties were observed to change as a function of the number
ofmethylene spacers in the poly(ester-imide)s. Nematic mesophases preferred to form in a
polymer with shorter flexible spacer length. As the flexible spacer length increased, a
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Figure 21. Photomicrograph of the Mesophase ofPolymerMade by Melt



































































Figure 23. Photomicrographs of theMesophase ofPolymerMade byMelt
Polymerization
a ) PolymerM-13 e at 135C Showing Broken Focal Conic Texture
b ) PolymerM-12 e at 110C Showinng Twisted Focal Conic Texture
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4.3 Transition Temperatures versus Spacer Length
The melting points of the polymers calculated from DSC curves at maximum peak
value decreased as the number ofmethylene groups ( n and/orm ) increased except when m
= 9. Figures 24 and 25, show the plot of the transition temperatures ofpoly(ester-imide)s as
a function of spacer length. It was observed that in the solution polymerization product, the
one having an odd number ofmethylene groups in the spacer ( m = 9 ) had higher melting
points. This result is different from common called odd-even effect because of the presence
of two flexible spacer units found in our structures.
If a comparison was made between two polymers having the same number of
methylene groups in the diol portion ( same m ) but different number ofmethylene groups in
the<y,o) -pyromelhtimide dicarboxyhc acid part ( different n ), the polymer having the longer
methylene group in Oj. UO -pyromelhtimide dicarboxyhc diacid part also had a lowermelting
temperature.
The moderately low molecular weights of the solution polymers may have been in a
molecular weight range where transition temperatures are sensitive to slight changes in
molecular weight. The possibility also existed that the crystalline and liquid crystalline
behavior of these polymers was affected by molecular weight.
Another effect on increasing the flexible spacer length was the change from polymers
having a nematic mesophase to those having a smectic to nematic mesophase transition in
case ofmelt polymerization product As discussed earlier, the polymers with less methylene
groups M-12a, M-12b,M-13a and M-13b produced textures under the polarizing
microscope that showed the characteristic features of the nematic state. In contrast to this
group of polymers, those polymers M-12d, M-12e, M-13d and M-13e with more
methylene groups had the appearance of smectic to nematic mesophase transitions in the
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liquid crystalline melt. It appears that the longer spacer provided greater independence of
organization for the mesogenic unit in the polymer chain, so that a more ordered smectic







































b) n = 10 series
Figure 24. Plot Transition Temperature versus the Number ofPolymethylene Spacer






































Figure 25. Plot Transition Temperature versus the Number ofPolymethylene
Spacer in PolymersMade byMelt Polymerizatio
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4.4 Thermodynamic Properties versus Spacers Length
The availability of these two series of thermotropic polymers allowed a study of the
role that methylene units can play in the melting and mesophase transitions. The heats and
entropies of the transition for several series of low molecular weight liquid crystals have been
studied,39 and it was shown that along with the odd-even relationship associated with the
increased alkyl end group lengths, an increase in the entropy of clearing was found to occur
with each additional methylene group.
Generally, for low molecular weight liquid crystalline compounds, a value of the
change of entropy at the nematic to isotropic transition ( AS^-i ) of about 0.4 Cal/mole-K was
found. Until six or more carbon atoms are present in the alkyl end group, the mesophase
was usually nematic, and a small, steady increase of the entropy of clearing was observed.
With sufficiently long end groups the compounds in the series begin to show increases in the
entropy of clearing, which can be related to the development of the ability of these
compounds to form the smectic state. It was usually at this point that the effect of the added
methylene groups could be easily identified, and the value for the entropy of clearing was
increased by 0.15 Cal/mole-K for each methylene group added if the dialkoxyphenyl nitrone
series was considered. Other examples of low molecular weight liquid crystalline
compounds showed increments of as much as 0.5 Cal/mole-K for every methylene group
added above six carbons. These values were, however, an average, and there was
considerable scatter in these examples.4^
The thermodynamic data calculated for solution and melt poly(ester-imide)s are
reported in Table 6 and Table 7 respectively, in which both the heats and the entropies of the
melting, mesophase and clearing transitions are given for their first heating cycle.
Standardmethods for calculating the heats of transition were employed. Assuming
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that the peak maxima were the correct transition temperatures, and thatmelting, mesophase
and clearing transitions were equilibrium processes. The heats of transitions could be
calculated and given by DSC-4. The entropies of transitions may be calculated using the
relationship:
AG= AH-TAS
In an equilibrium process, AG = 0. Thus, we have:
AS= AH/T
All DSC measurements were made at heating rate of 20C/minute so that the kinetic effect
would be reduced at least for the comparison within the series.
For polymers, such a clear relationship similar to lowmolecular weight compounds
is not always observed. As the Table 6 and Table 7 show, no obvious trend can be seen
with increasing number of methylene groups to either heat or entropy ransition.
However, if the comparison are made on the same polymer made by different polymerization
techniques, those polymers made by melt polymerization show higher heats and entropies
transitions than the polymers made by solution polymerization. These data indicate that the
crystallinity of the solution polymerization polymers are fairly low compared to melt
polymerization products, and the mesophases formed by solution polymers are not as stable
as those mesophases formed upon heating the melt polymers to certain temperatures.
Unlike low molecular weight compounds, polymers generally have a molecular
weight distribution so the entropy permonomer repeating unit must be considered. Another
factor that can influence such behavior is the effect of hindered packing in the chain structure.
For example, virtually no polymer shows
total ( 100% ) crystallinity in the sohd state, hence
it would be likely that no polymer can contribute completely to the hquid crystalline state. In
other words, not ah of the polymer molecule may be free to become ordered into a
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mesophase structure, which should be reflected in the thermodynamic data. Conversely, if a
value for the clearing transition of the perfect structure was known, then the degree of hquid
crystallinity could be calculated, but at present this is not possible.

















5 6 140 1.21 2.92 164 9.27 21.20 24
5 8 137 7.85 19.14 152 6.53 15.36 15
5 9 156 8.07 18.80 163 0.07 0.16 7
5 10 123 0.29 0.73 136 1.45 3.54 13
5 12 122 9.22 23.35 134 0.17 0.42 12
10 6 125 5.06 12.73 160 14.19 32.78 35
10 8 113 1.91 49.47 134 9.09 22.32 21
10 9 140 3.64 88.03 155 1.77 41.30 15
10 10 96 0.72 19.60 106 0.63 16.68 10
10 12 67 1.06 31.28 97 3.38 91.51 30
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5 6 171 0.44 0.99 232 21.19 41.99 61
5 8 164 1.03 2.37 232 26.25 51.95 68
5 10 147 2.28 5.43 182 0.63 1.39 211 6.93 14.31 64
5 12 139 1.38 3.33 193 0.91 1.96 210 4.34 8.98 71
10 6 161 1.47 3.38 184 12.54 27.44 23
10 8 161 0.92 2.13 185 14.34 31.30 24
10 10 120 5.33 13.55 150 1.11 2.63 173 8.15 18.26 53
10 12 129 8.49 21.12 134 0.10 0.25 161 10.07 23.21 32
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4.5 Comparison of Polymerization Techniques and the Effect on Polymer Liquid Crystal
Properties
In solution polymerization, highly reactive Ol,U0 -pyromelhtimide dicarboxylic
dichlorides and diols were used as monomers. The desired mesogen structure could be
formed under relatively low temperature. In melt polymerization, Q?,U) -pyromellitimide
dicarboxylic acids and diacetates were used as monomers. In order to drive this
transesterfication reaction towards completion, high temperature and vacuum was required.
However, the polymers made by melt polymerization did not have a well definedmesogenic
structure as shown by theirmulti-peak shaped DSC thermograms due to some other type of
structures.
In order to obtain the well-defined mesogenic group needed for structure-property
studies, a solution polymerization product is desired. However, a disadvantage was that of
the preparation of each new polymer a freshly prepared Ql-W -pyromelhtimide dicarboxylic
dichloride, very sensitive and highly reactive to moisture was required. It might hydrolyze
and forme a 0/,U) -pyromeUitimide dicarboxyhc acid even with the drying. During the
polymerization, a dark brown solution was formed. When monomers, Gt, tJ-pyromeUitimide
dicarboxylic dichloride and diol dissolved into solvent, it was difficult to tell how much
solvent should be used in order to completely dissolve all the monomers. For solution
polymerization, a reflux time no less than 15 hours was required to achieve high molecular
weight products. The polymers made by this method were colored ranging from dark tan to
dark brown.
It was relatively easy to prepare poly(ester-imide)s using the melt polymerization
technique. As monomerst,ui -pyromelhtimide dicarboxyhc acids and diacetates could be
easily made and purified for further used.
Polymers were fairly pure and had highmolecular
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weight. Using the melt polymerization technique, products had colors ranging from tan to
light brown.
Normally, in a condensation polymerization, equal moles of functional groups of the
monomers is required in order to achieve high molecular weight product. In solution
polymerization, commercially available diols were used without further purification and had a
purity from 96+% to 99%. The stoichiometry of all monomers were calculated based upon
100% pure compounds. The diol impurities made differences in the actual monomer
stoichiometry. As a result we can see from Table 5, polymers S-12b and S-13b, prepared
from the 1,8- octanediol (purity 96+%), had inherent viscosities of 0.10 and 0.07 dL/gram
respectively. They are the two lowest polymer inherent viscosities. It is also possible that
low inherent viscosities are due to poor polymer solubility in 1,2,4-trichlorobenzene. When
the chain length increases to a point, polymer chain precipitates from the solvent. Regardless
of reaction time, the molecular weight does not change with increasing reaction time.
The molecular weight of polymers were relatively high as shown by their high
inherent viscosities. High molecular weight polymers were obtained because pure monomers
were used allowing the requirement of functional group stoichiometry to be met. In solution
polymerization, the diols were used without purification directly from the commercial
source. The impurities present in the diols would make a differences in the stoichiometry in
the functional groups. The diacetates used in the melt polymerizations were further purified
by vacuum distillation ( for m
= 6, 8 ) or by recrystalhzation ( for m = 10, 12 ). Compared
with the solution polymerization method, melt polymerization is a more efficientmethod to
prepare a high molecular weight material and products had relatively high transition
temperatures.
The basic hquid crystal features of this series of polymers were some different
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between solution polymerization and melt polymerization. It is difficult to make a
comparison between the same series polymermade by different synthetic techniques. Such
phenomenon has been found in the hquid crystal property studies of polymer composed of
mesogenic unit- /q\ "c- (o) -OCO- (5) - and flexible spacer -0-(CH2)n-0-,
n = 2-11. Differences in the hquid crystalline behavior between the various polymers were
found when Noel,41 Jin^O and Strzelecki and co-workers42 reported their resulted. This
discrepancy highlights the difficulties that different synthetic procedures can cause when
comparing supposedly identical compounds.
Generally speaking, the basic properties of this series ofpolymers were the same if
the comparisons were made within solution polymerization products or melt polymerization
products. As might be predicted, the properties that did change were the actual phase
transition temperatures, and those polymers with lower inherent viscosities, had lower
transition temperatures compared with the other polymers in the same series. This
relationship again shows the dependence of hquid crystalline polymer properties on their
molecular weights. Observations under the polarizing microscope showed that the polymers
exhibited highly birefringent textures characteristic of the nematic or smectic states. What is
important to note, is that the basic mesophase structures of these compounds did not change,
so that it must be the actual structure of the polymers that determines the mesophase
organization and not the molecular weight
The individual properties of each system was highly dependent not only on the
mesogenic group used but also the synthetic technique, so that the particular melting points
and mesophases formed should be a function of that polymer series and also the
polymerization technique.
This series ofmesophase-forming polymers showed a trend of reducedmelting and
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clearing temperature with increased spacer length. Several of them showed changes in the
particular mesophase formed as spacer length was increased, with smectic mesophase being
formed preferentially at higher spacer length. Therefore, the behavior of this polymer series
seems to be typical of hquid crystalline polymers with flexible spacers andmesogenic groups
in the main chain.
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CONCLUSION
Ten novel poly(ester-imide)s have been synthesized by solution polymerization
technique with eight of them also synthesized by a melt polymerization technique. The
polymers have been characterized by dilute solution viscosity, Infrared Spectroscopy (TR ),
Differential Scanning Calorimetry (DSC ) and Polarizing LightMicroscopy ( PLM ).
All these polymers showed birefringent hquid crystal properties under polarizing
light microscope. The poly(ester-imide)s made by melt polymerization showed high
viscosities indicating high molecular weight. These materials are potential candidates for
practical uses and should be further characterized by X-ray diffraction and thermogravimetric
analysis ( TGA ).
In order to modify the material properties, some studies should be carried out to
examine the properties of blends of hquid crystalline polymers with non-liquid crystalline
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